Introduction
In recent decades, the design and synthesis of molecular nanomagnets based on anisotropic metal ions that show magnetization relaxation have aroused deep interest from the application and theoretical viewpoints. 1,2 Such materials known as single-molecular magnets (SMMs) and single chain magnets (SCMs), have potential applications in high-density information storage, 3 nanoscale electronics, 4 and quantum computing. 5 The general feature of SMMs is that the magnetic bistable state arises from overcoming the effective energy barrier (U eff ). One of the challenging problems in this eld is to increase the blocking temperature at which slow relaxation of the magnetization can occur, which relies on the anisotropy barrier from the combination of a large spin multiplicity in the ground state and a signicant uniaxial magnetic anisotropy. 6 Considerable researches have been focused not only on designing, synthesizing and characterizing new molecular species to obtain SMMs with high U eff , but also on deep understanding the magneto-structural correlation. Compared to 3d or 3d-4f systems, pure 4f systems, especially the heavy lanthanide systems (such as Tb III or Dy III ions), are better candidates for the construction of SMMs, owing to the large number of unpaired felectrons and large intrinsic magnetic anisotropy of the lanthanide ions originating from strong spin-orbit coupling and crystal-eld effects. [7] [8] [9] [10] For lanthanide ions, the internal 4f electrons are strongly shielded by the outer 5s and 5p electrons, and hence leads to weak magnetic exchange coupling, which always lowers the effective relaxation energy barrier and induces the loss of remnant magnetization.
10b,11 Recent studies show that 4f-organic radical approach has been proved to be an efficient strategy to design new SMMs.
3b,12 Nitronyl nitroxide radicals (NITs) as spin carriers can coordinated to 4f ions and transmit effective magnetic coupling interaction, on account of the direct overlap of the orbitals containing the unpaired electrons.
13,14
For SMMs containing lanthanide ion, the magnetic relaxation is very sensitive to the symmetry of the ligand eld around the Ln III ion, and the spin dynamic can be modied by the careful adjustment of the ligand eld around the metal center.
It is worth mentioning that in high symmetry crystal eld, for example C Nv , D Nh , D 4d , D 5h and D 6d , the control of quantum tunneling of magnetization (QTM) comes true by tuning the local symmetry of the metal centers. 15 In order to explore how the symmetry of the local crystal eld around the lanthanide center affect the spin dynamics of the complex, we decided to 
Magnetic studies showed that complexes 4 exhibit frequency-dependent ac susceptibility at low temperature, which suggests SMMs behavior. The comparison of the magnetic property between 2 and 4 and the reported results based on 3-IndazoleNIT 16 highlights that the local crystal eld can play an important role in modulating the magnetic relaxation.
Experimental details

Materials and physical measurements
All reagents used in the syntheses were of reagent-grade, except that the solvents were used aer dried (heptane over sodium, CH 2 Cl 2 over CaH 2 and CHCl 3 over P 2 O 5 ) and distilled prior to use. Ln(hfac) 3 $2H 2 O was synthesized according to methods in the literature.
17 The radicals (5-IndazoleNIT and 6-IndazoleNIT) were prepared by condensation of 2,3-bis(hydroxylamino)-2,3-dimethylbutane with 5-and 6-Indazolecarboxaldehyde, followed by oxidation with NaIO 4 according to Ullman's procedure.
18 Elemental analyses for carbon, hydrogen, and nitrogen were carried out on a PerkinElmer 240 elemental analyzer. Powder X-ray diffraction measurements were recorded on a D/ Max-2500 X-ray diffractometer using Cu-Ka radiation. Infrared spectra of the compounds in KBr pellets were obtained on a Bruker TENOR 27 spectrometer in the 4000-400 cm À1 region.
Direct-current (dc) magnetic susceptibilities of crystalline samples were measured on an MPMS-7 SQUID magnetometer. The data were corrected for the diamagnetism of the samples using Pascal constants. Alternating-current (ac) susceptibilities were performed on the same magnetometer under zero or 1000 Oe static eld with an oscillating of 3.5 Oe at frequencies up to 1500 Hz.
Preparation of complexes of 1-4
Complexes 1-2 were synthesized following a similar procedure. A solution of Ln(hfac) 3 $2H 2 O (0.1 mmol) (Ln ¼ Gd (1), Dy (2)) in 15 mL dry n-heptane was heated under reuxing for 2 h. Aer that, the solution was cooled to 60 C, to which a solution of 5-IndazoleNIT (0.1 mmol, 27.2 mg) in CH 2 Cl 2 (5 mL) was added. The mixture remained reuxing for 1 h, and a lot of dark purple powder produced during this period. Then the resulting mixture was cooled to room temperature and ltrated. The collected solid powder was recrystallized in CHCl 3 /CH 3 OH solution to give blue-violet crystals, which were suitable for X-ray analysis.
Complexes 3-4 were synthesized in a similar way as complex 1-2, except that 5-IndazoleNIT was replaced by 6-IndazoleNIT.
[Gd ( [Dy(hfac) 3 (6-IndazoleNIT)] 2 (4). 
X-Ray crystallography
Diffraction intensity data were collected by using the 4-u scan technique on an Agilent SuperNova (Dual, Cu at zero, AtlasS2, CCD) diffractometer equipped with mirror-monochromated Mo-Ka radiation (l ¼ 0.71073Å) for 1-3 and Cu-Ka radiation (l ¼ 1.54184Å) for complex 4, respectively. Semiempirical multiscan absorption corrections were applied by SCALE3 ABSPACK, and the programs CrysAlisPro were used for integration of the diffraction proles. 19 Structures were solved by direct methods and rened with the full-matrix least-squares technique using the ShelXT and ShelXL programs.
20 There are some disordered uorine atoms, which were rened anisotropically. Some restraints are applied, such as ISOR (anisotropic parameter) for some of the uorine atoms, DFIX (restricting the distance between two atoms) for some of the C-F bonds. All non-hydrogen atoms were rened anisotropically, and hydrogen atoms were located and rened isotropically. Crystallographic data for the compounds 1-4 are listed in Table 1 and the powder X-ray diffraction data for all the four compounds are shown in the ESI (Fig. S1 -S3 †).
Results and discussion
Crystal structure Structure of 1. Single-crystal X-ray diffraction analyses show that complexes 1-2 are isostructural and belong to monoclinic P2 1 /n space group with Z ¼ 2. Therefore, the structure of 1 will be described in detail as a representative example and the partially labelled crystal structure of 1 is shown in Fig. 1 . Complex 1 is centrosymmetric, two indazole substituted radical ligands are coordinated to two Gd(hfac) 3 units with the oxygen atoms of the nitronyl nitroxide groups and the nitrogen atoms of the indazole rings to form a cyclic dimer comprising two asymmetric units of [Ln(hfac) 3 (5-IndazoleNIT)]. Center ions (Gd III ) are in GdO 7 N coordination sphere from three bischelate hfac anions and two radical ligands and in a slightly distorted triangular dodecahedron (D 2d ) polyhedron conguration. The Gd-O(N) (nitroxide) distance is 2.332(4)Å and the Gy-O(hfac) bond lengths are in the range of 2.339(4)-2.417(4)Å, which are comparable to those of reported Gd(hfac) 3 complexes with nitronyl nitroxides. The Gd-N4A distance (2.546(4)Å) is a little longer than the normal Gd-N bonds ascribed to the bridged character of the radical ligand ( Table 2 ). The Gd/Gd separation distance in every binuclear unit is 10.113(5)Å and the shortest intermolecular Gd/Gd separation is 12.029(5)Å. Here, the O-N-C-N-O group containing the unpair electron and the indazole ring shows average twist angles of 39.1 . However the torsion angle for Gd-O-N-C is 93.9(6) , which is a crucial factor for Gd-rad magnetic coupling interaction. 21 The shortest contacts between the uncoordinated NO groups are 4.286Å for 1, which might lead to the weak intermolecular magnetic coupling (Fig. 1c) . By employing the classic Continuous Symmetry Measures (CSM) method, the coordination sphere of Gd1 is estimated as nearly ideal D 2d triangular dodecahedron with the deviation parameter S ¼ 0.879. is 104.8 (9) , and the shortest distance between the uncoordinated NO groups are 3.729Å for 1, which means the intermolecular radical-radical coupling is nonnegligible (Fig. 2c) . Structure of 4. The dinuclear crystal structure of 4 is shown in Fig. 3 symmetry coordination sphere with S of 0.848 (Table 3) .
Static magnetic properties
Magnetic measurements were performed on polycrystalline samples of 1-4. The phase purity of the bulk samples was conrmed by XRD analyses. Direct current (dc) magnetic susceptibilities for all the four complexes were measured in 2-300 K range under the applied magnetic eld of 1 kOe. Static magnetic properties for 1 and 3. Variable temperature magnetic susceptibilities for complexes 1 and 3 are shown in Fig. 4 ferromagnetic. Based on the above structural analysis, three exchange pathways should be operative: (i) the magnetic interaction between Gd and the directly coordinated nitroxide group (J 1 ); (ii) the magnetic interaction between two uncoordinated NO groups through space (J 2 ); (iii) the magnetic coupling between Gd(1) and Gd(1A) through imidazoline and indazole ring (J 3 ); (iv) the Gd(III) ion interacting with the NO group through imidazoline and indazole ring (J 4 ). J 3 and J 4 are anticipated to be weak, this assumption is in accordance with previous results about the cyclic dimer Gd III -complexes with nitroxide radicals containing pyridine. 23 What's more, the indazole ring is larger than the pyridine, and the distances (Gd1/Gd1A: 10.113(5)Å; Gd1/O1A (radical): 9.632Å) between the coupled spin carries are much longer than that in the references, 23 so the magnetic interactions (J 3 and J 4 ) are weaker than the reported data in structure similarly complexes. The value of J 2 has relationship with the distance between the uncoordinated NO groups. For complex 1 (Fig. 1c) , the O rad / O rad # distance is a little long (4.286Å), so J 2 is also supposed as weak interaction. Accordingly, the system was modeled as two mononuclear di-spin units (rad-Gd), and the magnetic analysis for every Gd III -rad unit was carried out by using the spin HamiltonianĤ ¼ À2JŜ Gd1Ŝrad1 . The weak exchange interactions being considered within the mean eld approximation (zJ 0 ). Eqn
(1) and (2) was introduced to analyze the magnetic coupling strength, where J 1 represent the magnetic coupling for Gd III -radical. 
A good agreement between calculated and experimental values of the susceptibility is obtained yielding the parameters,
The positive values of J 1 indicate the ferromagnetic interactions between Gd III ion and the direct coordinated radical, which is very common in Gd-radical systems, 23, 24 and the tting results are also coordinated with the conclusion made by Ishida.
21b The magnetization versus eld measurements at 2 K is shown in Fig. 4a , a magnetization of 16.09 Nb is reached at 50 kOe, which corresponds with the value for two S ¼ 4 ferromagnetic Gd-rad units.
23,24b
For 3, on decreasing the temperature, the c M T value remains unchanged till 80 K and then begins to decrease slowly till to reach the minimum of 12.09 cm 3 K mol À1 at 2 K. Although the structure of 3 is analogical to that of 1, the O rad /O rad # distance (3.729) is obviously shorter than that in complex 1 (4.286Å), the intermolecular magnetic interaction between the neighbouring uncoordinated NO groups may be strong. The bi-nuclear model for tting the c M T value in 1 is not suit for tting compound 3. Accordingly, the magnetic behavior of 3 can be interpreted as one linear Gd-rad-rad-Gd magnetic unit (Scheme 2). According to the structural data, the torsion angle for Gd-O-N-C is 93. 9(6) and the value of J 1 should be positive. 21 Consequently; the observed antiferromagnetic interaction in complex 3 is probably due to the magnetic coupling between two adjacent uncoordinated NO groups, which is stronger than the ferromagnetic interaction between Gd and the directed coordinated NO group.
21 Based on the Hamiltonian equation:Ĥ ¼ À2J 1 (Ŝ rad1ŜGd1 +Ŝ rad2ŜGd2 ) À 2J 2Ŝrad1Ŝrad2 , the soware of MAGPACK 25 was used to simulate the magnetic susceptibilities. The observed c M T data were well reproduced by using the approximate eqn (1) and (2), giving the best tting parameters of g ¼ 2.01,
The positive value of J rad-Gd indicates the weak ferromagnetic interactions between Gd(III) and the radical, which is common in the Gdradical system. 21, 23, 24 In addition, the high negative J 2 value indicates the strong intermolecular antiferromagnetic interactions between the uncoordinated NO groups. The magnetization versus eld measurements was carried out at 2 K (Fig. 5b) , and the measured magnetization is below the calculated two S ¼ 7/2 + 1/2 units. It further conrms that the antiferromagnetic interaction between the uncoordinated NO groups overwhelms the ferromagnetic interactions between Gd III and the directed coordinated NO group. Static magnetic properties for 2 and 4. The temperature dependence of magnetic susceptibility for 2 and 4 exhibited very analogous behaviors (Fig. 6) spins. When the temperature is lowered from 300 K, the c M T values for both of the two complexes decrease slightly at rst and then more quickly to the lowest values at 2 K. The decrease of c M T value upon lowering of the temperature in the hightemperature range for 2 and 4 is due to both depopulation of the Ln III stark sublevels and Ln-radical interactions through N-O. The decrease of c M T at lower temperature may be attributed to the antiferromagnetic Ln III -coordinated NO radical interaction. The eld dependences of magnetization (M) for complexes 2 and 4 have been determined at 2 K in the range of 0-70 kOe (Fig. S9 †) . For both of the two complexes, the eld-dependent magnetization value shows a rapid increase below 10 kOe. At higher elds, M increases up to 13.58 (for 2) and 15.41 Nb (for 4)
at 70 kOe, respectively, which is much lower than the expected saturation values of 22 Nb (10 Nb for each Dy III ion for J ¼ 15/2 and g ¼ 4/3, plus 2 Nb for the two organic radicals). The large gaps can be ascribe to the presence of magnetic anisotropy and/ or low-lying excited states in the systems.
23,26
Dynamic magnetic properties for Dy(III)'s complexes (2 and 4). The dynamic magnetic susceptibility measurements of complexes 2 and 4 have been investigated in the absence or with an applied static eld. The imaginary component c 00 of the complex 2 does not show obvious frequency-dependent phenomenon (Fig. S10 , see ESI †). For complex 4, frequencydependent out-of-phase signals are observed (Fig. 7) , indicating the onset of magnetization expected for single-molecule magnet (SMM) behavior. However, no peak maximum is found above 2 K even for the highest frequency investigated. The observed dynamic magnetic behavior for 4 suggests that the maxima may exist below the operating lowest temperature (2.0 K) or above the maximum frequency (1500 Hz) of the SQUID instrument. 27 These behaviors show that 4 is possibly a Dy III SMM with a small relaxation barrier. Measurements performed with an applied external eld (1000 Oe) did not change this situation (Fig. 7, right) (Fig. 8 ).
For Ln-based systems, the observed magnetic relaxation behavior mainly depends on the single-ion relaxation, which is extremely sensitive to strength and symmetry of the local crystal eld around the center ions. 29 The effect of the crystal-eld can be expressed by the HamiltonianĤ CF ¼ P B q kÕ q k , in which B q k are the crystal-eld parameters andÕ q k are the Stephen operators. 30 The Stephen operators are always considered to have relationship with the QTM. At the condition of q s 0 and k ¼ 2, 4, 6, the relaxation times can be signicantly reduced. In high symmetry crystal-eld, such as C Nv , D Nh , D 4d , D 5h and D 6d , certain parameters B q k vanish, which provides a chemical method to control QTM by tuning the local symmetry of the metal centers. As we can see, by using two indazole radical ligands with different locations of the radical, the crystal structures of complexes 2 and 4 show no drastic changes. In both of the two complexes, the central Dy III ions exhibit binuclear structure, which are all in DyO 7 N coordination sphere, but with different polyhedron symmetry. The D 2d symmetry in complex 2 accompanied by a weaker ac signal. The D 4d symmetry in complex 4 resulted in SMM behavior, in which quantum tunneling of magnetization was better suppressed.
31
Zhu's research group reported an analogous binuclear Dyradical system with D 4d symmetry, 21 which shows slowing the relaxation of the magnetization. The result suggests that the magnetic relaxation for the Ln-radical system is largely relied on the local coordination eld.
Conclusions
In summary, four binuclear lanthanide-radical compounds have been synthesized using two different indazole nitronyl nitroxide radicals. The study on the magnetization dynamics for complexes 2 and 4 reveals that they exhibit quite distinct magnetic relaxation behaviors. Complex 4 shows obvious frequency-dependent out-of-phase signals, however, such a phenomena is not observed for 2. The difference in magnetic relaxation of these complexes is probably due to the different symmetry of local ligand eld of the central Dy(III) ions. These results show that the different ligand eld can drastically affect the magnetic relaxation of the magnetization.
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